Abstract: Superoxide dismutase (SOD; EC 1.15.1.1.), a high molecular weight component of the antioxidant defense system, provided promising results in the treatment of oxidative damage. Thermothrix sp., isolated from thermal spa water in Serbia, showed high superoxide dismutase activity. The SOD, from cell free extract, was purified to homogenity by ammonium sulfate precipitation, Sephadex G 75 gel filtration chromatography and QAE Sephadex ion exchange chromatography. The specific activity of the purified enzyme was 9191 U/mg. The purified enzyme was analyzed and partially characterized. SOD was localized in polyacrylamide gel by activity staining, based on the reduction of nitroblue tetrazolium (NBT) by superoxide. The enzyme molecular weight determined by gel chromatography is 37 kD. According to SDS PAGE it is composed of two subunits of equal size, joined by noncovalent interactions. The isoelectric point, assessed by isoelectric focusing is 5.3. The optimum pH for enzyme activity was in the range of 8 to 10. The optimum temperature for SOD activity was 60 ºC. After one hour of incubation at 40, 50 and 60 ºC the SOD activity increases, but at 80 ºC, the SOD is denaturated. After 24 hours of incubation at 25 ºC SOD activity only slightly decreases.
INTRODUCTION
Thermophiles are a group of organisms characterized by their ability to live and flourish in unusually harsh conditions of high temperatures. Intrinsically stable and active at high temperatures, enzymes, products of thermophiles, offer major biotechnological advantages over enzymes of mesophilic or phychrophilic origin. Thermostable enzymes are easier to purify by heat treatment. Their thermostability is associated with a higher resistance to chemical denaturants and performing enzymatic reactions at high temperatures allows higher substrate concentrations, lower viscosity, fewer risks of microbial contamination and, often, higher reaction rates.
SODs are a class of metalloproteins which catalyze the dismutation of superoxide radicals (O 2 ·-) to oxygen and hydrogen peroxide. SOD provides a vital defense mechanism against the formation of deleterious oxygen species. The presence of SOD in all aerobic organisms protects cells against oxidative stress. 3 Four common forms of the enzyme are known, differing in the metal ion cofactor in the active site. 4 Copper and zinc containing SODs have been found in the cytosol of eucaryotes, in chloroplasts, and in the periplasm of some prokaryotes. Fe-SOD is present in both aerobic and anaerobic bacteria, Archaea, and plants, whereas Mn-SOD is present in bacteria, Archaea, mitochondria and chloroplasts. Dismutases of the Fe-and Mn-type are closely related in sequence and structural homology. 5 A novel type of cytosolic SOD containing nickel as a cofactor has recently been discovered in several Streptomyces species. 6 This paper reports the isolation and partial characterization of a Mn-SOD from the thermophilic bacteria Thermothrix sp.
EXPERIMENTAL

Bacterial strain and growth conditions
The thermophilic bacteria used in this work were isolated from thermal spa water in Serbia, purified and characterized. 7 The bacteria were grown in 100 ml of nutrition broth (1.5 % peptone, 0.5 % meat extract, 0.5 % NaCl, 0.03 % K 2 HPO 4 , pH 7.2) in a 1000 ml Erlenmeyer flask, during 20 h at 55 ºC, and with 120 rpm agitation in a laboratory shaker. The cells were collected by centrifugation (15 min, 3000 rpm, 5 ºC, Beckman J2-21 centrifuge), and washed with 0.067 M phosphate buffer, pH 7.8.
Purification procedure
The pelleted cells were suspended in 3 ml of 0.05 M phosphate buffer, pH 7.8 containing 1 mM EDTA and ruptured with lysozyme (10 mg ml -1 , 20 min, 24 ºC). The suspension was centrifuged and the resulting clear supernatant was used.
The cell-free extract was treated with (NH 4 ) 2 SO 4 in two steps. First, solid (NH 4 ) 2 SO 4 was added to the extract to 50 % saturation in an ice bath, then the mixture was stirred for 15 min, and left at 4 ºC for 60 min. The precipitate was removed by centrifugation. In the second step, the supernatant was treated with solid (NH 4 ) 2 SO 4 to 80 % saturation, stirred for 15 min, and left at 4 ºC for 60 min. The precipitate with SOD activity was centrifuged at 4000 rpm for 30 min (Hettich, Universal 30 RF centrifuge) and then dissolved in a minimal volume of phosphate buffer saline (PBS), pH 7.2 and dialyzed at 4 ºC against the same buffer.
Gel chromatography on Sephadex G75 was carried out in PBS pH 7.2 on a column of dimensions 26´550 mm. The fraction with SOD activity was eluted with 55 ml PBS and dialyzed against 0.01 M phosphate buffer pH 7.2 over night.
The determination of the molecular weight by gel filtration was carried out on Superose 12 HR 10/30 column equilibrated with 0.05 M phosphate buffer pH 7. Ion exchange chromatography on QAE Sephadex was carried out in a 20´250 mm column, equilibrated with 0.01 M phosphate buffer pH 7.2. The column was washed with 0.1 M phosphate buffer pH 7.2 and the SOD was eluted with a concentration gradient of phosphate buffer pH 7.2 (0.2 -0.3 M).
Protein concentration
Proteins were determined by the method of Bradford, 8 using bovine serum albumin as the standard.
Superoxide dismutase assay
SOD was assayed by the method of Winterbourn et al. based on the ability of SOD to inhibit the reduction of NBT by superoxide. 9 One unit was defined as the amount of enzyme causing one half of the maximum inhibition of NBT reduction. 9 
Electrophoresis
Polyacrylamide gel electrophoresis (PAGE) was performed as described by Laemmli 11 using a 10 % separating gel, 4 % stacking gel, but without sodium dodecyl sulfate and b-mercaptoethanol. The protein bands were localized with Coomassie brilliant blue R250. The SOD was localized in situ by activity staining according to Beauchamp and Fridovich. 10 The glycoproteins were stained by specific staining with Schiff reagent. 12 SDS PAGE was performed using a 10 % separating gel, 4 % stacking gel, with or without b-mercaptoethanol. The samples were heated for 5 min at 100 ºC in capped vials with 1 % (w/v) SDS in the presence or absence of b-mercaptoethanol. The standards used to make a plot of log molecular weight versus mobility of the protein band were: phosphorylase B (94 000 D), bovine serum albumin (67 000 D), ovalbumin (43 000 D), trypsin inhibitor (20 100 D) and a-lactalbumin (14 400 D). The protein bands were localized with Coomassie brilliant blue R250.
Isoelectric focusing was performed on a Phast system (Pharmacia), 500 Vh. The pH gradient was 3.0-9.0, and the standards used to make a plot of pH versus mobility of the protein band were: trypsinogen 
RESULTS AND DISCUSSION
Purification of SOD
The results of a typical purification experiment are summarized in Table I . After each purification step, the protein content and the enzyme activity were determined. According to our results, ammonium sulphate precipitation to 50 % saturation eliminated 50 % of the ballast protein, without loss in SOD activity, and the second precipitation step from 50 to 80 % ammonium sulfate saturation resulted in a SOD preparation of higher specific activity. After gel chromatography on Sephadex G 75 column, 90 % of the ballast protein was discarded with a loss of SOD activity of about 57 %. Results of this chromatographic procedure are shown in Fig. 1 . The SOD was eluted from a QAE Sephadex colum with a concentration gradient of phosphate buffer pH 7.2 (0.2 -0.3 M). Figure 2 presents the results of the ion exchange chromatography. The SOD fraction showed only one band of SDS PAGE after QAE Sephadex chromatography. It can be concluded that the SOD was purified to homogeneity after two-step ammonium sulphate precipitation, gel chromatography, and ion exchange chromatography. The total purification achieved by the procedure outlined in Table I was 105 fold over the first soluble extract, with a yield of 15 %. The specific activity of the purified enzyme was 9191 U/mg (in literature 2500-10000 U/mg 14, 16 ). The degree of purification of the SOD in every purification step was examined by SDS PAGE as shown in Fig. 3a . Characterization of SOD Molecular weight. The molecular weight of the SOD was determined by gel filtration on a Superose 12 HR 10/30 column equilibrated with 0.05 M phosphate buffer pH 7.2. By this method, the molecular weight of the purified SOD was determined to be 37 kD. The subunit molecular weight was determined by SDS PAGE. In the presence or absence of b-mercaptoethanol, the SOD showed only one band. The molecular weight in the absence and presence of b-mercaptoethanol was found to be 18.6 kD and 17.7 kD, respectively. It can be concluded that the enzyme was composed of two subunits of equal size, and that these subunits are not joined by interchain disulfide bonds. All known Mn-SODs (bacterial and mitochondrial) are either homodimers of homotetramers with subunit molecular weights of about 20 kD. 13 Specific staining for oligosaccharide-containing polypeptides indicated that the SOD from Thermothrix sp. is a glycoprotein. The only known SOD that is a glycoprotein is mammalian extracellular Cu/Zn SOD. 14 Isoelectric point. The isoelectric point, determined by isoelectric focusing on a Phast system (pI gradient was 3.0-9.0) was found to be 5.3, as is shown in Fig. 3b .
Metal inhibition. Inhibition reactions with purified enzyme in the presence of some SOD inhibitors (cyanide, hydrogen peroxide and sodium azide) indicated that this enzyme is Mn-SOD. These results confirmed results with SOD eluted from polyacrylamide gel. 8 pH optimum. The SOD activity was determined over a wide pH range from 4 to 11. The SOD activity was the greatest in the pH range from 8-10 (Fig. 4a) . It is clear that purified SOD is very active in alkaline solutions. For other Mn SODs, their activity decreases at pH values greater than 7.8. 15 Temperature optimum and thermostability. The SOD activities were determined after preincubation of the enzyme for 30 min over a wide temperature range (25-100 ºC). The optimum temperature for the SOD activity was 60 ºC as is shown in Fig. 4b . The SODs from mesophilic bacteria have a temperature optimum at lower temperatures (for example, SOD from alkaliphilic Bacillus have a temperature optimum at about 35 ºC), close to their growing temperature. 16 The influence of temperature on the SOD activity was determined after preincubation of the enzyme for different times (15 min, 1 h, and 24 h), at different temperatures (25, 40, 50, 60, 70, 80, and 100 ºC). After one hour incubation at 40, 50 and 60 ºC, the SOD activity was increased, but at 70 ºC it was decreased. After one hour incubation at 80 ºC, the SOD was denatured (the activity was lost). After 24 hours incubation at 25 ºC, the SOD activity was decreased by only 7 %, but at 40 ºC the loss was 40 %, and at 50 ºC no activity remained (Fig. 4c) . SODs are thermostable enzymes, and after one hour incubation they are stable up to 50 ºC, as shown for Desulfovibrio gigas. 17 The activity of the SOD from the investigated bacteria was increased after one hour incubation at 40, 50 and 60 ºC. CONCLUSION SOD from the thermophilic bacteria Thermothrix sp. was purified to homogeneity and characterized for the first time. The enzyme was purified 105 times, with 15 % yield. It was estimated that SOD constituted 0.86 % of the protein of the crude soluble extract.
The results demonstrate that Thermothrix sp. isolated from thermal spa water in Serbia is a potential producer of thermostable Mn SOD and that its large scale cultivation for SOD production seems justified. Superoksid-dismutaza (SOD; EC 1.15.1.1.) je komponenta antioksidativnog sistema koja daje zna~ajne rezultate u tretmanu oksidativnih o{te}ewa. Bakterije izolovane iz termalnih bawskih voda Srbije, determinisane kao Thermothrix sp., imaju visoku superoksid-dismutaznu aktivnost. Superoksid-dismutaza iz }elijskog ekstrakta je pre~i{}ena dvostepenim talo`ewem amonijum-sulfatom, gel-hromatografijom na Sephadex G75 koloni i jonoizmewiva~kom hromatografijom na QAE Sephadex koloni. Specifi~na aktivnost pre~i{}enog enzima je 9191 U/mg. Superoksid-dismutaza je analizirana i okarakterisana. Molekulska masa pre~i{}enog enzima, odre|ena gel-hromatografijom, iznosi 37 kD. Enzim se sastoji iz dve identi~ne subjedinice spojene nekovalentnim interakcijama. Izoelektri~na ta~ka, odre|ena izoelektri~nim fokusirawem je 5,3. Optimalna pH vrednost delovawa enzima predstavqa opseg pH od 8 do 10. Maksimalna aktivnost enzima je na 60 ºC. Inkubacija na 40, 50 i 60 ºC (60 min) pove}ava superoksid-dismutaznu aktivnost, dok se na 80 ºC enzim denaturi{e, dok inkubacija od 24 sata na sobnoj temperaturi neznatno smawuje aktivnost. 
